Duchenne muscular dystrophy (DMD) is a disease of progressive destruction of striated muscle, resulting in muscle weakness with progressive respiratory and cardiac failure. Respiratory and cardiac disease are the leading causes of death in DMD patients. Previous studies have suggested an important link between cardiac dysfunction and hypoxia in the dystrophic heart; these studies aim to understand the mechanism underlying this connection. Here we demonstrate that anesthetized dystrophic mice display significant mortality following acute exposure to hypoxia. This increased mortality is associated with a significant metabolic acidosis, despite having significantly higher levels of arterial PO 2. Chronic hypoxia does not result in mortality, but rather is characterized by marked cardiac fibrosis. Studies in isolated hearts reveal that the contractile function of dystrophic hearts is highly susceptible to short bouts of ischemia, but these hearts tolerate prolonged acidosis better than wild-type hearts, indicating an increased sensitivity of the dystrophic heart to hypoxia. Dystrophic hearts display decreased cardiac efficiency and oxygen extraction. Isolated dystrophic cardiomyocytes and hearts have normal levels of FCCP-induced oxygen consumption, and mitochondrial morphology and content are normal in the dystrophic heart. These studies demonstrate reductions in cardiac efficiency and oxygen extraction of the dystrophic heart. The underlying cause of this reduced oxygen extraction is not clear; however, the current studies suggest that large disruptions of mitochondrial respiratory function or coronary flow regulation are not responsible. This finding is significant, as hypoxia is a common and largely preventable component of DMD that may contribute to the progression of the cardiac disease in DMD patients. hypoxia; mitochondria; dystrophic cardiomyopathy; dystrophin; Duchenne muscular dystrophy
DUCHENNE MUSCULAR DYSTROPHY (DMD) initially presents as skeletal muscle weakness; muscle dysfunction continues to progress, resulting in the loss of ambulation early in the second decade of life and death in the third or fourth decade (10, 16) . Since its first description in the 19th century, respiratory failure has been recognized as the leading cause of mortality in DMD patients (12, 14, 30, 48) . Improvements in symptomatic respiratory therapy have delayed mortality associated with respiratory failure in DMD patients (16, 33) . The combination of skeletal muscle and respiratory dysfunction often masks the clinically significant cardiac disease that is present in DMD patients. The improved survival of DMD patients with symptomatic respiratory therapy has caused the underlying cardiac disease to become even more clinically significant. Cardiac disease was noted as a component of DMD in many of the earliest clinical reports (23, 24, 58) , but understanding the pathophysiology of DMD in the heart has lagged behind that of skeletal muscle. As DMD progresses, respiratory and cardiac dysfunction both become clinically evident sometime after the loss of ambulation. Respiratory failure in DMD patients results from hypoventilation secondary to a weakened diaphragm; this progressive loss of ventilatory function results in transient periods of hypoxia. Bouts of hypoxia initially occur at night, even in patients with normal daytime pulmonary function (2, 35) . Furthermore, over 70% of DMD patients display symptoms of respiratory disease before referral for respiratory therapy (2, 19, 36) . These results indicate that bouts of hypoxia are routinely experienced by DMD patients, even in patients receiving ideal medical management (8 -11) . These observations raise the question of what effect bouts of hypoxia might have on the dystrophic heart. DMD results from the loss of the large cytoskeletal protein dystrophin (28) . Dystrophin is expressed in many tissues throughout the body, with the highest levels present in striated muscle. Dystrophin has been implicated in providing mechanical support to the membrane of striated muscle cells by functioning as a molecular shock absorber (54, 68, 73) . Dystrophin also has a significant signaling function by acting as a scaffold to localize ion channels and enzymes to specific membrane microdomains (5, 17, 20 -22, 63) . In skeletal muscle, the absence of dystrophin results in the mislocalization of NOS1 (neuronal nitric oxide synthase), which results in the disruption of an important mechanism mediating contractioninduced vasodilation and results in functional ischemia (5, 60, 63) . Furthermore, the loss of dystrophin in the heart results in a significant increase in the diastolic cytosolic Ca 2ϩ concentration within cardiac myocytes (70, 72, 73) . Increases in cytosolic Ca 2ϩ are correlated with significant elevation of mitochondrial Ca 2ϩ levels and increased production of reactive oxygen species (70) .
The mdx mouse, a genetic model of DMD, presents with skeletal muscle pathology and reduced force generation (7, 45) . In addition, mdx mice display significant reductions in cardiac function (44, 49, 56, 73) and significant declines in respiratory function (18, 29, 32) . Mild hypoxia results in increased dysfunction (18) and apoptosis (38) in the diaphragm. The cardiac consequences of hypoxic exposure in the dystrophic heart remains an important area of investigation. In the studies presented here, the mdx mouse is used to assess the pathophysiological importance of hypoxia. Recent studies have demonstrated that acute exposure of anesthetized mdx mice to hypoxia is associated with acute myocardial decompensation, characterized by initial diastolic and subsequent systolic dysfunction (65) . In the present study, it is shown that this acute hypoxia-induced mortality in anesthetized mice is associated with the development of metabolic acidosis. Interestingly, chronic hypoxia does not cause mortality in dystrophic mice, but does result in widely distributed cardiac fibrosis of the dystrophic heart. These observations have immediate clinical relevance, as they suggest that the short bouts of hypoxia experienced by DMD patients may result in myocardial damage, accelerating the decline in cardiac function. The data presented here implicate hypoxia as a potential inciting factor in the development of dystrophic cardiomyopathy and suggest that earlier initiation of respiratory support could delay the onset of heart disease in DMD patients.
METHODS

Animals.
Mouse colonies were established from control (C57BL/ 10SnJ) and mdx (C57BL/10 ScSn-Dmd mdx /J) mice obtained from Jackson Laboratories (Bar Harbor, ME). To prevent genetic drift, new breeding stock were obtained every four generations. Animals were fed standard chow diet ad libitum and were kept in a room with 12:12-h light-dark cycles. These studies used mice of both sexes, aged 3-6 mo, well before the onset of significant structural damage to the dystrophic heart. All procedures reported here were reviewed and approved by the University of Minnesota Institutional Animal Care and Use Committee and conform with National Institutes of Health guidelines.
Serial blood-gas and acute hypoxia studies. Anesthesia in mice was induced with 5% isoflurane, and a surgical plane of anesthesia was maintained with 2% isoflurane in 100% oxygen. Mice were fitted with a pulse oximeter located on their right thigh (Starr Life Sciences, Holliston, MA) and needle electrodes configured to measure lead II ECG. Mice were intubated via a tracheotomy with a 20-gauge angiocath connected to the anesthetic circuit; this allowed tight control of the content of inhaled gases. The left carotid artery and right jugular vein were cannulated for arterial blood sampling and venous volume administration, respectively. Following instrumentation, the isoflurane was set to 1%, a level sufficient to maintain deep sedation. Gas mixtures were generated using a custom-built device consisting of two flow meters: one controlling oxygen and the other controlling nitrogen. The gas mixtures were calibrated using a ProOx P110 oxygen sensor (Biospherix, Lacona, NY) with a correlation coefficient of 0.996. Arterial blood samples (50 l) were collected from the left carotid artery and quickly analyzed using a Stat Profile pHOx basic blood-gas analyzer (Nova Biomedical, Walthman, MA) providing pH, PO 2, and PCO2 levels. The arterial catheter was flushed with heparinized saline, while simultaneously 50 l of 10% albumin solution were injected into the jugular vein. In pilot studies, this blood sampling method has been demonstrated to have no significant hemodynamic effect. For these studies, death was defined as a heart rate of Ͻ200 beats/min, coupled with the loss of pulse measurements by the pulse oximeter. Previous studies have indicated that heart rates of Ͻ200 beats/min in the mouse are associated with pulseless electrical activity and occur following hemodynamic collapse (65) .
Chronic hypoxia studies. Wild-type and mdx mice, 3-4 mo of age, were housed within a sealed chamber in which the oxygen concentration was maintained at 10% through regulated injection of 100% nitrogen (Biospherix, Parish, NY). The carbon dioxide concentration was also monitored and averaged 0.11 Ϯ 0.02% (mean Ϯ SD). Mice were given free access to food and water. The chamber was briefly opened daily to assess animal welfare and to change soiled cages. Mice were housed in this hypoxic state for 3 wk before death; during this time there was no mortality observed. Sections of hearts from mdx and wild-type mice were stained with Sirius Red/Fast Green, as previously described (49) . One image was collected from a midventricular short-axis cross section from each heart. These images were analyzed using ImageJ in a blinded fashion, briefly following the creation of an image montage (55) . Color images were split into individual color channels. Predetermined thresholds were applied to each of these images to determine the total myocardial area and the area of positive Sirius red (i.e., collagen) staining. The resulting images were manually assessed, and areas of false-positive staining were removed. All of these analyses were performed without knowledge of the genotype of the mouse.
Langendorff heart studies. The heart was excised from a heparinized (150 units) and anesthetized (200 mg/kg pentobarbital) mouse and placed in ice-cold physiological salt solution (in mM: 118 NaCl, 4.7 KCl, 1.2 MgCl 2, 1.2 NaH2PO4, 2.5 CaCl2, 25 NaHCO3, 15 glucose, 0.5 sodium-pyruvate, and 0.5 EDTA). The aorta was cannulated and the heart perfused with oxygenated (95% O 2 and 5% CO2) physiological salt solution. A balloon was placed into the left ventricle and inflated to an end-diastolic pressure of ϳ10 mmHg, and the heart was stimulated at 7 Hz. All hearts were subjected to an equilibration period of 20 min. Only hearts with left ventricular developed pressures of Ͼ90 mmHg and coronary flows between 2 and 5 ml/min were used for experiments. Some hearts were treated with 500 nM dobutamine to assess maximal cardiac function; in these hearts, 50 M dobutamine were infused at 1/100th the average coronary flow rate. Other hearts were subjected to a metabolic flow protocol consisting of reactive hyperemia, 20 s of no-flow ischemia, a second 20-min recovery period, followed by a hypercapnic challenge. Hypercapnia was created by treating the bicarbonate buffered physiological salt solution with 80% oxygen and 20% carbon dioxide, the challenge consisted of a 10-min perfusion of the hypercapnic solution, followed by a 10-min recovery period.
Isolation of mouse cardiac myocytes. Isolation of mouse cardiomyocytes was modified from a previously published procedure (34, 62, 69) . Briefly, hearts were excised from animals anesthetized with pentobarbital sodium, and their ascending aorta was cannulated and mounted on a perfusion apparatus to allow perfusion of coronary vasculature. Hearts were perfused for 4 min with cell isolation buffer that contained the following (in mM): 113 NaCl, 4.7 KCl, 1.2 MgSO4, 0.6 NaH2PO4, 0.6 KH2PO4 10 2,3-butanedione monoxime, 30 taurine, and 20 glucose. Subsequently, cell isolation buffer containing 620 U/ml collagenase, 0.015 mg/ml DNase 1, and 0.104 mg/ml protease XIV was perfused for 10 min. Digested hearts were triturated in the collagenase-containing buffer to free individual myocytes. Calcium was added back by three separate additions of 1 M CaCl2 (1.5 mM final).
Cellular respiration. Cardiomyocytes were resuspended in M-199 media (Sigma, St. Louis, MO) containing 0.02% BSA and 5% fetal bovine serum and used to assess cellular respiration. Cardiac myocyte respiration was assessed using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA). Cardiac myocytes were plated (10,000 cells/well) on laminin-coated V7 microplates. Following attachment, cells were washed and incubated in warm XF assay media containing 0.2 mM sodium-palmitate/0.034 mM BSA at 37°C for 1 h. Baseline measurements of oxygen consumption rate were obtained, followed by the addition of the protonophore carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 5 M) to assess FCCPinduced increases in oxygen consumption.
Mitochondrial assessment by electron microscopy. Hearts were rapidly excised and perfused with cell isolation buffer, followed by fixation with 2.5% glutaraldehyde. A region of the left ventricle was stained with 1% osmium tetraoxide, embedded in resin, and sectioned. From each section, 10 -20 non-overlapping images were collected using a JROL 1200 EXII transmission electron microscope. Using ImageJ, the areas of mitochondria were highlighted. The area, intensity relative to background muscle, and homogeneity of the mitochondrial areas were collected from 53 images from 3 mdx hearts con-taining 3,858 mitochondrial regions and 47 images from 3 C57BL/10 hearts containing 4,733 mitochondrial regions.
Blood lactate measurements. Blood samples were collected from the cut tip of the tail of anesthetized C57BL/10 or mdx mice. Blood samples were analyzed using a Lactate Pro analyzer (Nova Biomedical, Walthman, MA).
Proteomic assessment of mitochondrial protein levels. Cardiac muscle samples from dystrophic and wild-type dogs were collected and snap frozen (67) . The samples from three dogs of each genotype were homogenized, and crude microsomal membrane fractions were prepared as previously described (52, 66) . These membrane fractions were further fractionated and labeled with iTraq isobaric tags for relative quantification; one pair of membranes was double labeled as a technical replicate (71) . Peptides were detected using a LTQ Orbitrap Velos (Thermo Scientific, Waltham, MA), and peptides were identified and mapped by ProteinPilot (Sciex, Framingham, MA). From this data set, proteins associated with oxidative phosphorylation were selected using the Kyoto Encyclopedia of Genes and Genomes reference pathways. Corrected iTraq probe areas were computed for each peptide. The probe areas from peptides with Ͼ95% confidence match for a given protein were added together to assess the abundance of the protein coming from the various labeled samples; only proteins with more than three peptides were included in subsequent analyses. The level of each protein was normalized to the mean of that present in the samples from wild-type hearts. A two-way ANOVA with a Tukey posttest was used to assess the presence of any statistically significant differences in protein level present in wild-type and dystrophic heart samples.
Statistical analysis. Statistical analysis was performed using either R (57) or Prism 5 software (GraphPad Software, La Jolla, CA). Where multiple comparisons were performed, one-way ANOVA with Bonferroni posttest was used. Comparisons between two groups used Student's T-test. Kaplan-Meier method was used to create survival curves, followed by a log-rank (Mantel-Cox) test to determine differences in survival. The box-and-whisker plots in Figs. 1-7 show the distribution of the data with the mean displayed as a "ϩ"; points greater than 1.5 times the interquartile distance are displayed separately, but are included in any relevant statistical comparisons.
RESULTS
Dystrophic mice have increased mortality and metabolic acidosis following hypoxia.
Previous studies have demonstrated that anesthetized dystrophic mice exposed to acute hypoxia display increased mortality linked to the initial development of diastolic dysfunction followed by cardiac decompensation and death (65) . These prior studies used invasive cardiac catheterization featuring a thoracotomy and artificial ventilation, which may have contributed to the increased mortality. To further assess the pathophysiological mechanisms causing this mortality, a less invasive approach was used. Mice were anesthetized and instrumented with both jugular vein and carotid artery catheters. Importantly, these mice were not ventilated with positive pressure, and the chest remained closed so that control of respiration was regulated by the mouse. The anesthetized mice were intubated to ensure control of the inspired gas composition and to limit upper airway obstruction. After an equilibration period at 100% O 2 , the A: dystrophic mice with closed chests display a significant degree of mortality following hypoxia exposure. Pulse-ox derived hemoglobin saturation (B) and arterial oxygen levels (C) confirm the presence of hypoxia. Under hypoxic conditions, a significant acidosis develops (D), which is characterized by normal levels of CO2 (E) and a negative base excess (F). Normoxic arterial samples were taken from mice following 10 min of 20% inspired O2 fraction; hypoxic measurements were taken after 10 min of 10% inspired O2 fraction (arrowhead in A). Data are derived from 10 -12 mdx and 9 C57BL/10 mice. *P Ͻ 0.05 for the indicated comparisons. SpO 2 , arterial O2 saturation from pulse oximetry.
fraction of oxygen inhaled was reduced to 20% for 10 min and then to 10%. Even in this less invasive protocol, dystrophic mice display significant mortality during the hypoxic period, while wild-type mice tolerate this challenge without incident (Fig. 1A) . Pulse oximetry and arterial PO 2 ( Fig. 1 , B and C) assessed 10 min after the initiation of the hypoxic period demonstrate that the degree of hypoxia is not more severe in the dystrophic mice. However, dystrophic mice develop a significant acidosis during this hypoxic period compared with wild-type mice (Fig. 1D ). Hypoxic arterial CO 2 levels ( Fig.  1E ) and respiratory rates (data not shown) are not different between wild-type and mdx mice, indicating that respiratory dysfunction is not responsible for the acidosis observed. Thus dystrophic mice display a negative base excess, or an acid excess relative to wild-type mice. This is evident at 20% O 2 and exacerbated during hypoxia (Fig. 1F) . Resting blood lactates in dystrophic mice are 4.5 Ϯ 0.6 mM, which is significantly higher than the 2.9 Ϯ 0.3 mM lactate observed in wild-type blood. Together these data strongly indicate that dystrophic mice develop a metabolic acidosis in response to hypoxia. This is particularly surprising, given the significantly greater arterial PO 2 that is present during hypoxia in the dystrophic mouse (Fig. 1C) . The arterial pH present after 10 min of hypoxia is a significant predictor of mortality in mdx mice (P ϭ 0.0149, r 2 ϭ 0.54). The magnitude of base excess decline and the hemoglobin saturation levels are also significantly correlated with mortality (P ϭ 0.0043, r 2 ϭ 0.66 for base excess and P ϭ 0.0042, r 2 ϭ 0.58 for hemoglobin saturation). There is no correlation between survival time and arterial PCO 2 or respiratory rate in these studies. Interestingly, the heart rate of dystrophic mice after 10 min of hypoxia is inversely related to mortality (P ϭ 0.0126, r 2 ϭ 0.48). It is not possible to confirm causation from these correlations; however, the relatively high metabolic activity of the heart in the face of systemic anaerobic metabolism presents significant challenges to the myocardium. Skeletal muscle is an important source of lactate production and is well suited to tolerate periods of anaerobic metabolism. This is in stark contrast to the heart, which requires aerobic metabolism to function normally, as such periods of hypoxia may be more detrimental to cardiac tissues.
Chronic hypoxia results in significant cardiac fibrosis. Interestingly, chronic exposure of dystrophic mice to 10% oxygen levels did not result in increased mortality of dystrophic mice. Both dystrophic and wild-type mice survived throughout the 3-wk hypoxic challenge period. However, examination of heart sections collected following this hypoxic period reveal the presence of significant levels of fibrosis in dystrophic hearts (Fig. 2) . These observations clearly demonstrate that chronic hypoxia, while not lethal, does induce significant cardiac damage in the dystrophic heart. The Langendorff isolated heart preparation was used to further understand the effects of hypoxia on the cardiac function of the dystrophic heart.
Contractile function of dystrophic hearts is sensitive to ischemia but tolerant of acidosis. In the Langendorff heart preparation, the dystrophic heart displayed normal contractile function under baseline conditions (Table 1) . Wild-type hearts subjected to 20 s of no-flow ischemia respond to reperfusion with a transient increase in systolic function (Fig. 3, B, C, and  F-I ). This transient increase in contractile function peaked ϳ5 s following reperfusion. In contrast, dystrophic hearts show a significant decrease in both systolic and diastolic function in response to reperfusion (Fig. 3, D, E, and F-I) . These changes in function are transient in nature, and the function of the dystrophic heart is equivalent to wild-type hearts after a second equilibration period. After this recovery period, hearts were then subjected to a 10-min period of hypercapnic acidosis (pH ϭ 7.2). The onset of acidosis is marked by a dramatic decline in systolic function in both wild-type and dystrophic hearts (Fig. 4A) . Following the 10-min period of acidosis, the Values are means Ϯ SE; n ϭ 11 C57BL/10 and 22 mdx mice. ⌬, Change; LV, left ventricle; dP/dtmax and dP/dtmin, maximum and minimum change in pressure over time, respectively. P Ͻ 0.05 vs. *C57BL/10 baseline measures, # mdx baseline measures, †C57BL/10 ϩ dobutamine, and ‡dobutamine-induced ⌬ C57BL/10. heart was perfused with normocapnic physiological salt solution for another 10-min recovery period. Wild-type hearts fail to fully recover systolic and diastolic function following this prolonged acidosis. In contrast, dystrophic hearts subjected to the same level of acidosis show significantly greater recovery of both systolic and diastolic function (Fig. 4, B-D) . Together, the sensitivity to ischemia and the tolerance of acidosis suggest that hypoxia is particularly injurious to the dystrophic heart.
Dystrophic hearts display attenuated response to dobutamine stimulation. Infusion of dobutamine into the coronary vessels of either dystrophic mdx or wild-type C57BL/10 hearts results in significant increases in systolic function, as observed in significant increases in left ventricular developed pressure, left ventricular maximum change in pressure over time (dP/dt), and the rate pressure product (Table 1) . Improved diastolic function is also observed with an increase in the maximal rate of pressure decline (dP/dt min ; Table 1 ). The magnitude of the response to dobutamine is significantly attenuated in the mdx heart compared with C57BL/10 hearts. The dobutamine-induced changes in both left ventricular developed pressure and rate pressure product are significantly smaller than those observed in C57BL/10 hearts (Table 1) . This attenuated response to dobutamine is also evident in diastolic function, as demonstrated by a significantly smaller increase in the rate of relaxation (dP/dt min ; Table 1 ). Importantly, all of these experiments are preformed in young (4 -5 mo) mdx mice, indicating that these functional deficits precede the presence of significant levels of myocardial scarring.
Dystrophic hearts have reduced cardiac efficiency. Under baseline conditions, the contractile function of the dystrophic heart in the Langendorff preparation is equivalent to that of wild-type hearts (Table 1) . However, the oxygen consumed to achieve this level of contractile activity in dystrophic hearts is significantly greater than that of wild-type hearts (Fig. 5A ). Together these data indicate that dystrophic hearts have reduced cardiac efficiency, in that they require more oxygen to accomplish the same amount of work (Fig. 5B) . Dobutamine increases oxygen consumption in C57BL/10 and mdx hearts to the same degree, 13.2 Ϯ 1.3 and 12.3 Ϯ 1.3 mol·min Ϫ1 ·g Ϫ1 , respectively. However, the increases in contractile function are significantly lower in the dystrophic hearts (Table 1) . This results in a further decrease in the cardiac efficiency of the dystrophic heart with dobutamine stimulation (Fig. 5B) . Despite the higher rate of basal oxygen consumption observed in the dystrophic heart, there is a significant reduction in the percentage of oxygen extracted from the perfusate (Fig. 5C ). In wild-type mice, the addition of dobutamine has no significant effect on the percentage of oxygen extracted; in contrast, the addition of dobutamine to the dystrophic heart significantly increases the oxygen extraction. There are several potential causes for this observation, including defects in cardiac perfusion that might result in oxygenated perfusate bypassing metabolically active regions of the heart. To address this possibility, the regulation of coronary flow was assessed in the dystrophic heart.
Dystrophic coronary vessels respond normally to metabolic vasodilatory signals. These studies hypothesized that reductions in oxygen extraction by the Langendorff perfused heart could result from the mismatching of perfusion and oxygen consumption within the dystrophic heart. There is significant literature describing the presence of functional ischemia in the skeletal muscle of mdx mice and DMD and Becker muscular dystrophy patients (47, 60, 63, 64) . Other studies have demonstrated defects in flow-mediated dilation in the carotid and mesenteric arteries of dystrophic mice (41) (42) (43) . Similar defects in the coronary arteries could result in a functional ischemia in regions of the myocardium, that when coupled to hypoxia, may push the heart into a state of unsustainable anaerobic metabolism. To test this hypothesis, the metabolic control of coronary flow in the dystrophic heart was assessed. Using a Langendorff isolated heart preparation, several protocols were used to probe the coronary flow response to metabolic vasodilatory signals in the mdx mouse. Under baseline conditions, dystrophic hearts display a significantly higher coronary flow compared with wild-type hearts (Fig. 6A ). This increased flow provides an explanation of the higher total oxygen consumption with a smaller arterial-to-venous oxygen gradient. A brief bout of no-flow ischemia is a very powerful vasodilatory signal that results in significant increases in coronary flow secondary to the accumulation of metabolic waste (3, 31) . Dystrophic hearts subjected to 20 s of no-flow ischemia develop an equivalent degree of coronary vasodilation as that seen in wild-type hearts following reperfusion (Fig. 6B) . After a 20-min recovery from this short ischemic bout, hearts were subjected to a hypercapnic acidosis (27) . During the acidosis challenge, contractile function of the heart is dramatically reduced (Fig. 4A ), but coronary flow increases dramatically (Fig. 6C) . As with brief ischemia, the coronary flow to the dystrophic heart increases to the same degree as that of wild-type hearts. In other hearts, dobutamine administration was used to assess the coronary flow response to increased contractile activity. Similar to the other challenges of coronary flow, the dystrophic coronary vasculature responds normally to dobutamine infusion (Fig.  2D) . Taken together, these data indicate that the dystrophic coronary vessels respond normally to metabolic stimuli of coronary vasodilation, suggesting that any conditions causing regional ischemia would be addressed normally by vasodilation induced by the accumulation of metabolic wastes. This data suggests that the delivery of perfusate in the dystrophic heart is reasonably uniform throughout the myocardium. These results indicating intact oxygen delivery in the dystrophic heart do not support the hypothesis that mismatched perfusion and metabolic demand explain the reduced oxygen consumption. Mitochondrial respiratory function in dystrophic hearts. Another potential cause of reduced oxygen extraction is a defect in mitochondrial oxygen utilization. There is general consensus that the mitochondrial content of dystrophic skeletal muscle is reduced relative to wild-type skeletal muscle (15, 25, 39, 59, 61) . It remains unclear if these changes are a direct consequence of the absence of dystrophin or secondary to the significant muscle regeneration that is occurring in skeletal muscle. In the heart, there is less agreement in the literature; isolated mitochondrial studies indicate no difference between wild-type and mdx hearts (1, 4) . However, other studies indicate energetic deficiencies are present in both the perfused At baseline in the Langendorff heart preparation, there is no significant contractile dysfunction in the dystrophic heart. However, dystrophic hearts consume more O2 under baseline conditions (A) and thus have significant reductions in cardiac efficiency (B). C: dystrophic hearts demonstrate a significant reduction in oxygen extraction, which is significantly improved with dobutamine treatment. Data are derived from 10 C57BL/10 and 19 mdx hearts. *P Ͻ 0.05 based on one-way ANOVA and post hoc tests.
dystrophic heart (26, 74) and more recently in the intact heart (13). The increased levels of oxygen consumption observed in these studies (Fig. 5A ) and elsewhere (37) would suggest that mitochondrial oxygen utilization is intact, yet energetic deficiencies remain. The poor oxygen extraction of the dystrophic heart at baseline could be caused by defects within the mitochondrial electron transport chain (ETC), which is responsible for consuming the vast majority of oxygen in the heart. To further assess the mitochondrial respiratory function in the dystrophic heart, the oxygen consumption of acutely isolated noncontracting adult cardiac myocytes was measured. Myocytes from dystrophic mice have a basal level of oxygen consumption that is significantly lower compared with wildtype myocytes (Fig. 7A) . Importantly, the dissipation of the proton motive force by FCCP induces an increase in oxygen consumption that is not different between wild-type and dystrophic myocytes, suggesting that the oxygen consumption apparatus is relatively intact in the dystrophic heart (Fig. 7B ), consistent with the increased level of oxygen consumption observed in the isolated heart (Fig. 5A ). Electron microscopy of sections from intact hearts reveals that the content and morphology of mitochondria in the dystrophic heart are not different from that in wild-type hearts (Fig. 7C) . Examination of the mean value and the variation of electron density within mitochondrial areas allows the assessment of mitochondrial morphology. Analysis of these parameters from 3,878 dystrophic and 4,733 normal mitochondrial regions reveals no difference between dystrophic and wild-type mitochondria in either of these measures of morphology (data not shown). Furthermore, a qualitative review of mitochondrial images revealed no evidence of mitochondrial dilation or other morphological indication of mitochondrial dysfunction. Quantitative proteomic studies using heart tissue from the severely affected golden retriever muscular dystrophy model demonstrate normal levels of mitochondrial ETC protein content (Fig. 7E) . Together, these results indicate that neither the FCCP-induced oxidative capacity, mitochondrial content, nor morphology are significantly altered in the dystrophic heart. While these measures indicate that there is no dramatic alteration in mitochondrial content, structure, or respiratory function, they do not provide a comprehensive assessment of mitochondrial function. It is possible that alterations in redox potential or calcium handling in dystrophic mitochondria (40, 70 ) may contribute to the poor oxygen extraction and impaired energetics (13, 26, 74) of the intact dystrophic heart.
DISCUSSION
We demonstrate here that the hypoxia-induced mortality in dystrophic mdx mice is associated with metabolic acidosis, which likely arises from metabolic dysfunction revealed by hypoxia. This observation is particularly important because of the frequency with which patients with DMD are subjected to bouts of hypoxia. Studies in anesthetized mdx mice monitoring hemodynamic function of the dystrophic heart during hypoxia exposure reveal that hypoxia-induced mortality is preceded initially by diastolic dysfunction, which transitions into a gradual decline in systolic function (65) . The present studies provide important mechanistic insight into the potential causes of this hypoxia-induced mortality. Here it is demonstrated that hypoxia results in the development of metabolic acidosis, deriving from a systemic shift to anaerobic metabolism. Systemic alterations in blood pH have wide-spread adverse consequences on multiple physiological systems, including the heart where acidosis results in marked declines in contractile function in both wild-type and dystrophic hearts (Fig. 4) . Decreases in perfusion following this reduction in cardiac contractile performance would be expected to exacerbate the ongoing metabolic acidosis. The source of the acidosis observed in this study is not entirely clear. The cumulative mass of the skeletal muscle makes it a likely candidate; however, in the anesthetized animals preparation, the expected metabolic activity of skeletal muscle is expected to be very small. DMD patients are at increased risk for malignant hyperthermia (6), which could result in increased oxygen consumption in anesthetized skeletal muscle. However, mdx mice are resistant to developing malignant hyperthermia (46, 53) , and no evidence of contracture was present in these preparations. The correlation between cardiac activity and acidosis raises the possibility that the dystrophic heart may be a significant contributor to the net production of lactate during periods of acidosis, although the heart's relatively small mass would require a large level of lactate product for it to be the primary driver of the global acidosis. It is notable that hypoxia-induced mortality is only present in anesthetized dystrophic animals. It is not clear to what degree anesthesia contributes to the development of metabolic acidosis, but it clearly contributes to hypoxia-induced mortality.
During chronic hypoxia exposure, dystrophic hearts develop a significant degree of cardiac fibrosis, underscoring the susceptibility of the dystrophic heart to conditions of limited oxygen. Here we demonstrate that the dystrophic heart both requires more oxygen than wild-type hearts to perform the same level of work and has a reduced ability to utilize oxygen in the coronary perfusate (Fig. 5) . This, coupled with the absolute dependence of the heart on aerobic metabolism, makes the dystrophic heart particularly susceptible to hypoxic conditions. This is evident in the studies presented here, as short bouts of no-flow ischemia, which cause both hypoxia and acidosis, have a significant negative impact on both systolic NDUFV3  NDUFV2  NDUFV1  NDUFS7  NDUFS6  NDUFS5  NDUFS4  NDUFS3  NDUFS2  NDUFS1  NDUFC2  NDUFB9  NDUFB8  NDUFB7  NDUFB5  NDUFB4  NDUFB10  NDUFA9  NDUFA8  NDUFA7  NDUFA6  NDUFA5  NDUFA2  NDUFA13  NDUFA12  NDUFA10  SDHB  SDHA  UQCRC2  UQCRC1  UQCR5  QCR8  QCR7  QCR6  CYC1  COX7A  COX6C  COX6B  COX6A  COX5B  COX5A  COX4  COX2  ATP8  ATP5O  ATP5J  ATP5H  ATP5F1  ATP5D  ATP5C1  ATP5B . E: quantitative proteomic data set of cardiac membranes from dystrophic and wild-type dogs was probed for mitochondrial proteins. Results demonstrate that there are no significant differences in the expression of proteins of the electron transport chain in these severely affected dystrophic hearts.
and diastolic function in dystrophic hearts (Fig. 3) . This observation that the dystrophic heart is highly sensitive to very short bouts of ischemia are consistent with previous studies demonstrating that the dystrophic heart does very poorly following 20 min of ischemia (1) . Importantly, the dystrophic heart is shown to recover better following prolonged global acidosis than wild-type hearts (Fig. 4) . The mechanism of this increased tolerance to acidosis is not currently known, although it may be a compensatory response to periods of respiratory acidosis secondary to the diaphragm dysfunction present in the mdx mouse (29, 32, 51) . The increased sensitivity to ischemia, coupled with resistance to acidosis, indicates that the dystrophic heart is particularly susceptible to hypoxia. The significant reduction in cardiac efficiency observed in this study (Fig. 5) and elsewhere (37) likely results from an increased use of ATP for noncontractile functions in the dystrophic heart. The dystrophic heart displays increased sarcolemmal permeability, which dissipates transmembrane ionic gradients and contributes to increases in cytoplasmic Na ϩ and Ca 2ϩ levels (40, 50, 70, 72, 73) , all of which require the hydrolysis of ATP that does not contribute to contraction. Inefficiency in mitochondrial ATP production could also contribute to the overall inefficiency of the dystrophic heart. While the levels of oxygen consumption (Figs. 5 and 7) and measures of mitochondrial mass (Fig. 7) suggest that dystrophic mitochondria are relatively normal, the poor oxygen extraction (Fig. 5) and reductions in cardiac phosophocreatinine-to-ATP ratio in Langendorff perfused hearts (26, 74) and in intact animals (13) all point to potential mitochondrial abnormalities.
There are several potential causes of the reduced oxygen extraction observed in the dystrophic heart. It is possible that shunting of the blood through the coronary arteries could result in a perfusion-consumption mismatching, where some regions are flush with oxygenated perfusate, while others are underperfused. The venous blood from overperfused regions would be expected to have relatively higher levels of oxygen that, when mixed with the perfusate from the rest of the heart, would result in an apparent reduction in oxygen extraction. The normal coronary flow responses to metabolic stresses (Fig. 6 ) argue against this hypothesis. Another possibility is that the coronary flow in the dystrophic heart is too high to allow for full oxygen extraction. However, this is unlikely, given that dobutamine treatment increases oxygen extraction by the dystrophic heart, while coronary flow rates are increased further (Figs. 5 and 6 ). This latter observation also suggests that, whatever the defect in oxygen extraction is, it is readily reversed by treatment with dobutamine.
Mitochondria are responsible for the vast majority of oxygen consumption in the heart, thus defects in mitochondrial respiratory function could also result in declines in the oxygen extraction in the dystrophic heart. The studies presented here demonstrate that the ability of the dystrophic hearts or myocytes to consume oxygen is normal, under conditions where oxygen is abundant. As oxygen levels decrease, there is an eventual point at which flux through the ETC stops. It is possible that dystrophic mitochondria are more susceptible to this hypoxia-induced cessation of flux through the ETC, such that dystrophic hearts abandon aerobic metabolism at higher levels of oxygen. The molecular mechanisms underlying such dysfunction in the dystrophic mitochondria are not clear, but alterations to the ETC or changes in cellular redox potential are potential explanations.
In summary, these studies demonstrate that metabolic acidosis induced by acute hypoxia is likely responsible for the mortality of anesthetized dystrophic mice. Furthermore, this metabolic acidosis occurs at significantly higher levels of arterial oxygen compared with wild-type mice exposed to the same hypoxic stress. Additionally, chronic hypoxia does not cause acute mortality, but does result in significant levels of cardiac fibrosis. This hypoxia-induced loss of dystrophic cardiac myocytes likely results from a combination of poor cardiac efficiency and a reduced ability to extract oxygen. Together these deficits contribute to the hypoxia sensitivity observed in dystrophic hearts. These findings have significant implications on the mechanism of the pathogenesis of dystrophic cardiomyopathy, providing a direct mechanism by which hypoxia secondary to respiratory insufficiency could lead to a metabolic crisis within the heart, resulting in myocyte loss and permanent myocardial injury. These findings have particular clinical relevance because currently available therapies can be implemented to limit the occurrence of hypoxia in DMD patients.
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